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In  the  investigation  of  auditory  masking,  the  results  have 
been  interpreted  in  view  of  the  critical  band.     Ideal  frequency- 
response  characteristics  have  been  sought  in  the  masking  patterns 
of  sinusoids  and  noises.    With  the  exception  of  single-sinusoid 
masking,  the  results  are  generally  consistent  with  the  critical- 
band  hypothesis.    This  investigation  attempts  to  determine  the  role 
of  the  critical  band  in  the  relation  between  single-sinusoid  masking 
and  two-sinusoid  masking,    A  simple  power  summation  (3  d3)  in 
masking  was  expected  whenever  the  amounts  of  masking  were  equal. 

Three  masking  conditions  were  used:    masker-above,  masker- 
below  end  maskers- combined.    The  amount  of  masking  was  determined 
for  each  of  the  conditions  at  test  frequencies  from  400  to  3000  Hz. 
The  effect  of  psychophysical  procedure  was  also  determined  (Bekesy 
vs,  BUDTIF),    Monaural  masked  thresholds  were  obtained  for  two 
listeners  using  both  threshold  procedures.    The  masker  spaclngs 
wore  100,  300  and  500  Hz  In  the  maskers-combined  condition, 
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The  results  of  this  investigation  indicate  that  psychophysical 
procedure  is  not  significant  in  determining  the  pattern  of  masking, 
but  is  significant  in  the  absolute  amount  of  masking  measured.  For 
all  spacings  used,  more  masking  was  observed  for  the  masker  above 
the  signal  in  frequency  than  when  it  was  below.    The  100  Hz  spacing 
data  showed  more  masking  summation  than  expected.    The  pattern  of 
summation  was  found  to  be  consistent  with  a  critical-band  inter- 
pretation.   The  300  Hz  spacing  data  revealed  a  subject  difference 
in  the  pattern  of  summation.    This  difference  was  attributed  to 
frequency  selectivity  differences  which  were  also  reflected  in  the 
amount  of  masking  measured.    For  the  500  Hz  spacing,  the  masking 
summation  pattern  was  not  explainable  using  the  critical-band 
hypothesis.    The  masking  curves  for  the  maskers-combined  condition 
were  not  distinguishable  from  the  masker-above  condition. 

It  was  hypothesized  that  the  results  of  this  investigation 
could  be  explained  by  the  overlap  of  the  displacement  patterns  of 
the  signal  and  masker(s)  along  the  basilar  membrane.  Additionally, 
it  was  hypothesized  that  the  masking  critical  band  is  essentially 
a  peripheral  phenomenon.    For  wide  masker  separations,  Inhibition 
processes  produce  localized  effects  in  the  masking  pattern. 
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CHAPTER  T 
INTRODUCTION 


The  analogy  of  bandpass  filters  as  being  representative  of 
the  analyzing  characteristics  of  the  ear  was  proposed  by  Fletcher 
(1940),     In  his  description,  Fletcher  called  these  bandpass  filters 
"critical  bands."    Fletcher  advanced  two  assumptions  about  the 
critical  band  which  have  since  generated  extensive  research  efforts. 
The  first  assumption  holds  that  only  the  energy  in  a  narrow  frequency 
region  centered  around  the  test  signal  is  effective  in  masking  it. 
An  implication  of  this  assumption  is  that  the  critical  band  is  a 
bandpass  filter  which  exists  as  part  of  the  organizational  character- 
istics of  the  auditory  system,    Th3  second  assumption  holds  that  the 
energy  of  a  test  signal  just  detectable  in  wide-band  noise  is  equal 
to  the  energy  In  the  critical  band.    This  Implies  a  procedure  whereby 
cue  might  measure  the  critical  bandwidth  without  using  noise  bandwidth 
us  a  parameter*    Specifically,  in  order  to  determine  the  critical 
bandwidth  for  a  given  frequency,  all  one  must  measure  is  the  threshold 
signal -to-noisa  ratio  for  that  frequency  in  wide-band  noise.  This 
procedure  has  become  known  in  the  literature  as  the  "critical  ratio" 
settled,    Fletcher  (1040) ,  Hawkins  and  Stev«ns  (1950),  Egan  and  Hake 
(1950),  Mlger  and  Hirsh  (1956)  and  van  den  Brink  (1964)  have 
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empirically  determined  the  signal-to-noise  ratio  of  sinusoidal  test 
signals  in  wlde-bind  noise.    Of  these  studies,  the  most  extensive 
was  that  of  Hawkins  and  Stevens  (1950),    Their  calculated  values 
of  the  critical  bandwidth  as  a  function  of  frequency  are  in  agree- 
ment with  those  of  Fletcher  (1940), 

Fletcher's  first  assumption  has  suggested  to  many  investi- 
gators that  manipulation  of  the  noise  bandwidth  parameter  is  an 
approach  in  determining  critical  bandwidths.    Because  of  Fletcher's 
limited  amount  of  data  on  the  masking  by  variable  bandwidths  of 
noise,  the  literature  contains  many  studies  in  this  area.  Shafer, 
Gales,  Shewmaker  and  Thompson  (1950),  Egan  and  Hake  (1950), 
Feldtkeller  and  Zwicker  (1956),  Hamilton  (1957),  Greenwood  (1961a), 
Salto  and  Watannbo  (1961),  and  Bos  and  de  Boer  (1966)  have  used  the 
bandwidth  of  narrow-band  noise  as  a  parameter.    Of  these  Investiga- 
tions, that  of  Greenwood  (1961a)  is  the  most  thorough.    His  estimates 
of  critical  bandwidth  as  a  function  of  frequency  are  somewhat  larger 
than  those  of  Fletcher  (1940),  but  are,  in  general,  in  agreement  with 
others  in  the  literature  using  narrowband  noise  maskers.  One 
characteristic  of  the  narrow-band  noises  used  in  his  investigation 
was  that  the  attenuation  slope  at  the  cutoff  frequency  varied, 
Shafer  et  al_.  (1950)  used  synthetic  noise  constructed  from  sinusoid 
generators.    Greenwood  amplitude-modulated  lew-pass  noise  to  obtain 
narrow-band  noises.    The  slopes  of  the  noise  bands  varied  from  460  to 
200  Hz/octave  depending  on  the  center  frequency*    This  fact  may 
account  for  some  of  the  variation  in  the  measured  critical  bandwidths 
between  the  Shafer  et  al_.  and  Greenwood  studies.    Indeed,  it  has  been 
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suggested  by  Scharf  (1970)  that  the  difference  between  the  measures 
of  Greenwood  (1961a)  and  others  lies  in  the  fact  that  a  40  Hz  spectral 
gap  existed  In  the  center  of  Greanwood,s  noise  bands.    It  is  inter- 
esting to  note  that  Carterette,  Friedman  and  Lovell  (1969),  using 
threshold  procedures  similar  to  that  of  Greenwood  (1961a)  for  masking 
by  a  computer-generated  noise,  found  different  results.  Whereas 
Greenwood  had  found  a  smooth  masking  function  across  the  top  of 
his  narrow-band  noises,  Carterette  et  al_.  found  sizeable  systematic 
edge  effects.    It  appears  that  the  spectral  shape  of  the  noise  is, 
in  all  probability,  a  factor  affecting  the  characteristics  of 
critical  bandwidth. 

Several  investigators  have  questioned  the  use  of  narrow-band 
noise  in  determining  critical  bandwidths.    Bos  and  de  Boer  (1966) 
suggest  that  the  masked  threshold  for  very  narrow  bandwidth  noise 
is  an  intensity  difference  limen,  and  therefore  unsulted  for  the 
determination  of  the  critical  bandwidth.    Egan  and  Hake  (1950) 
report  that  the  s lgnal-to-noise  ratio,  I.e.,  "critical  ratio," 
differed  by  4,2  dB  for  two  supposedly  supracritical  bands  of  noise. 
The  wider  noise  band  produced  a  greater  amount  of  masking,  and 
therefore  a  larger  critical  ratio.    One  methodological  procedure 
available  to  avoid  these  problems  is  to  use  a  two-sinusoid  masker. 
The  method  has  been  used  by  Zwicker  (1954),  Greenwood  (1961a),  . 
Green  (1965),  Brandt  and  Booth  (1970)  and  Booth  and  Brandt  (1970) 
to  investigate  the  critical  band.    The  method  uses  two  sinusoids 
to  delineate  the  critical  bandwidth,  possibly  with  a  degree  of 
accuracy  a  magnitude  greater  than  that  provided  by  narrow-band 
noise3.    The  vary  nature  of  the  sinusoidal  maskers  permits  one  to 
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describe  the  bandwidth  characteristics  in  very  exacting  terms. 
Except  for  the  Booth  and  Brandt  study,  the  procedure  has  been 
to  hold  the  center  frequency  constant  and  vary  the  spacing 
between  the  components  of  tho  masker  to  delineate  the  critical 
band.    Booth  and  Brandt  held  constant  the  spacing  between  the 
components  of  the  masker  and  varied  both  the  signal  frequency  and 
the  maskers. 

The  findings  using  the  two-sinusoidal  masker  procedure  fall 
into  two  groups.    Zwlcker  (1954)  and  Greenwood  (1961a)  report  masking 
patterns  which  are  shaped  as  one  would  predict  using  the  analogy  of 
a  bandpass  filter;  i.e.,  the  masking  pattern  resembles  the  frequency 
response  of  a  bandpass  filter.    The  results  reported  by  Green  (1965), 
Brandt  and  Booth  (1970)  and  Booth  and  Brandt  (1970)  question  the 
hypothesis  of  a  simple  summation  of  energy  within  a  filter  to 
explain  certain  portions  of  their  data.    Their  results  suggest  that 
the  masking  of  a  test  signal  at  the  center  of  a  hypothetical  critical 
band  is  not  a  simple  summation  of  the  energy  in  the  critical  bandwidth. 
Green  (1965)  found  that  the  masking  of  the  test  signal  (a  sinusoid) 
decreased  continuously  as  spacing  was  increased.    In  order  to  obtain 
frequcncy»dependent  critical  bandwidths,  Green  had  to  use  a  criterion 
of  20  d3  reduction  in  masking.    Green  replicated  his  study  using  a 
narrow  band  of  noise  as  the  test  signal,  as  had  Zwicker  (1954),  He 
obtained  results  that  were  midway  between  his  sinusoidal  test  signal 
results  and  those  of  Zwicker's  using  the  narrow-band  noise.  Green 
concluded  that  it  is  not  the  bandwidth  characteristics  of  the  test 
signal  that  are  important,  but  rather  It  is  the  effect  of  th«»  sound 
pressure  level  (S?L)  on  the  individual  subjects  that  yields  the 
observed  differences. 
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Since  the  study  of  Booth  and  Brandt  (1970)  represents  a 
significant  variation  of  the  t'.'o-sinusoidal  masker  paradigm  and 
serves  as  the  basis  for  the  present  study,  a  thorough  description 
of  this  study  is  in  order.    The  masker  was  obtained  by  suppressed 
carrier,  single-sinusoid  amplitude  modulation.    The  two  resulting 
sidebands  served  as  maskers.  The  carrier  was  reintroduced  (variable 
in  amplitude)  and  served  as  the  test  signal.    The  carrier  frequency 
was  varied  continuously  over  the  frequency  range  100  to  4000  Hz, 
The  modulation  frequency  was  held  constant,  thereby  producing  side- 
band components  that  had  a  spacing  equal  to  twice  the  modulation 
frequency.    This  spacing  is  independent  of  carrier  frequency. 

The  equipment  was  arranged  to  yield  a  continuous  plot  of  SPL 
required  for  threshold  as  a  function  of  frequency.    These  plots, 
which  were  referred  to  as  masking  functions,,  showed  three  distinctive 
characteristics  or  regions.    In  Region  one  little  or  no  masking  of 
the  test  signal  was  observed;  the  extent  of  this  region  was  found 
to  be  both  dependent  on  the  spacing  between  the  sidebands  and  the  SPL 
of  the  masker.    Region  two  was  considered  to  be  an  observable  local 
maximum  in  the  masking  function.    Associated  with  this  region  was  a 
smooth  transition  from  Region  one,  typically  a  20  dB  or  greater 
increase  in  the  amount  of  masking  which  depended  on  the  masker  SPL, 
There  was  an  identifiable  peak  in  the  masking  function  in  this 
region,  followed  by  a  decrease  in  the  masking  function  curve.  The 
frequency  location  of  the  peak  was  dependent  on  the  frequency  spacing 
between  the  sidebands  and  on  the  masker  SPL,    Region  three  was 
characterized  usually  by  a  local  minimum  in  masking  at  frequencies 
above  the  peak  (Region  two).    This  region  showed  more  variation 


between  subjects  than  did  the  other  two  regions.  The  shape  of  the 
masking  function  varied  considerably  with  intensity  and  spacing  of 
the  masker. 

In  the  discussion  of  their  results,  Booth  and  Brandt  applied 
a  strict  interpretation  of  Fletcher's  critical -band  hypothesis.  The 
masking  in  each  region  was  discussed  as  reflecting  the  energy  of  the 
masker  that  lies  within  a  fixed  bandpass  filter.    In  Region  one  the 
first  assumption  of  Fletcher  icplies  there  is  no  masking  of  the  test 
frequency.    The  two  masking  components  and  the  test  frequency  fall 
into  different  critical  bands  as  the  spacings  used  were  greater  than 
critical  bandwidth  for  frequencies  below  1000  Hz  (Scharf,  1970), 
Therefore,  the  critical  band  centered  on  the  test  frequency  should 
contain  no  energy  other  than  the  test  frequency.    Implicit  in  this 
discussion  were  the  assumptions  that  the  signal  determines  the 
critical  band  and  that  the  critical-band  filter  is  rectangular  in 
shape.    The  latter  assumption  is  surely  incorrect  in  view  of  the 
smooth  transition  from  Region  one  into  Region  two  observed  by  Booth 
and  Brandt  and  from  the  findings  of  Schafer,  et  al_.  (1950). 

The  peak  in  the  masking  function  for  Region  two  was  Interpreted 
by  Booth  and  Brandt  to  be  the  frequency  at  which  critical  band  is 
equal  to  the  frequency  spacing  between  the  sinusoidal  components  of 
the  masker.    The  shape  of  the  masking  function  predicted  by  Fletcher* 
hypothesis  produces  a  discontinuity  in  the  function.    VJhen  both 
components  are  outside  the  critical  band,  there  Is  no  masking.  When 
the  components  fall  into  the  critical  band,  masking  occurs  which  Is 
proportional  to  the  total  energy  within  the  filter.    The  existence 
of  such  a  discontinx'itry  was  not  evident  in  the  masking  functions 
reported  by  Booth  and  Brandt. 
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In  Region  three,  i.e.,  for  the  frequencies  above  the  peak,  the 
decrease  in  masking  found  by  Booth  and  Brandt  was  also  inconsistent 
with  Fletchor*s  critical-band  hypothesis.    One  implication  of  the 
bandpass  filter  analogue  for  masking  is  that  if  a  frequency  component 
is  located  within  the  pass-band  of  the  critical  band,  it  contributes 
to  the  masking  of  the  test  signal  at  the  center  frequency  by  an 
amount  proportional  to  the  total  energy  of  the  masker.    The  litera- 
ture on  the  critical  band  well  establishes  that  bandwidth  increases 
with  frequency.    This  being  Che  case,  it  is  difficult  to  explain  the 
increase  in  masking  above  the  local  minimum  (Region  two)  observed 
by  Booth  and  Brandt.    The  shape  of  the  critical  band  which  one  must 
assume  to  account  for  the  observation  does  not  conform  to  the  shapes 
hypothesized  in  the  literature.    Schafer  et  al,  (1950)  suggested 
that  the  pass-band  is  approximately  single  tuned,  whereas  Fletcher 
(1940)  Implied  that  the  pass-band  Is  flat.    However,  If  one  assumes 
that  the  critical  band  Is  Itself  a  set  of  fixed-frequency  filters 
which  have  overlapping  cutoff  slopes  with  finite  rolloff  character- 
istics, then  a  gross  explanation  of  the  masking  functions  reported 
by  Booth  and  Brandt  is  possible.    The  observed  local  minimum  in  the 
.Tasking  curve  could  then  be  said  to  represent  a  point  along  the 
frequency  continuum  where  two  adjacent  filters  overlap  and  for  which 
the  cutoff  frequencies  are  different.    The  difference  in  cutoff 
frequencies  produces  a  mini  intra  in  the  masking  curves,    A  question 
then  arises  as  to  why  a  series  of  local  minima  is  not  observed. 

The  course  of  the  masking  function  above  the  peak  raises  some 
question  as  to  the  plausibility  of  the  traditional  critical~band 
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hypothesis.    Might  not  the  masking  function  curves  described  by 
Booth  and  3randt  be  explainable  in  terms  of  a  single-sinusoid 
masking?    In  general,  the  literature  concentrates  on  the  spread  of 
masking  to  frequencies  above  a  single  masker.    Masker  frequency  is 
not  the  specific  parameter  of  interest,  but  rather  the  asymmetry  of 
masking.    Wegol  and  Lane  (1924),  Ehmer  (1959),  Small  (1959)  and 
Carter  and  Kryter  (1962)  have  investigated  masker  frequencies 
between  50  and  8000  Hz  in  various  step  sizes  ranging  from  several 
hundred  cycles  to  an  octave.    The  data  available  from  those  investi- 
gations do  not  provide  enough  frequency  resolution  to  approximate 
the  masking  curves  of  Booth  and  Brandt  (1970),    In  order  to  synthesize 
such  curves,  sinusoidal  masking  data  need  to  bo  collected  for  which 
there  is  maintained  a  constant  frequency  difference  between  the  test 
and  masking  frequencies  as  a  function  of  frequency. 

The  purpose  of  the  present  study,  therefore,  is  to  investigate 
the  two-sinusoid  masking  paradigm  with  emphasis  on  the  role  of  the 
individual  components.    The  effect  of  each  component  will  be  determined 
in  each  region  of  the  masking  function  as  described  by  Booth  and 
Brandt  (1970).    Also  the  effects  of  psychophysical  procedure  on  the 
peak  in  Region  two  will  be  determined.    Thus,  the  relation  of  single- 
sinusoid  masking  to  two-sinusoid  critical-band  type  masking  is  of 
primary  concern. 

It  is  a  paradox  that  the  critical-band  hypothesis  has  been 
used  to  explain  two-sinusoid  masking  in  the  literature  and  rejected 
in  its  applicability  to  single-sinusoid  masking.    Certain  experimental 
results  are  unaccounted  for  by  the  critical-band  hypothesis,  In 
particular,  the  upward  spread  of  masking  observed  by  Wegel  and  Lane 
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(1924),  Egan  an<3  Hake  (1950),  Ehmer  (1939),  Small  (1959),  Flr.ck 
(1961)  and  Carter  and  Kryter  (1962)  Is  not  predicted.  Likewise 
the  phenomenon  of  "remote  masking"  reported  by  Bilger  and  Hirsh 
(1956)  is  not  predicted.    It  should  be  noted,  howevor,  that  remote 
masking  is  not  a  consideration  if  one  uses  a  sinusoidal  masker, 
Spiefch  (1957)  and  Deatherage,  Bilger  and  Eldredge  (1957)  found 
little  or  no  remote  masking  for  sinusoids.    The  phenomenon  of 
remote  masking  has  been  shown  by  Deatherage    et  al,  (1957)  to  be 
dependent  on  envelope  variation.    In  the  case  of  the  sinusoid,  the 
envelope  is  constant,  and  therefore  no  remote  masking  is  found. 
In  the  case  of  sinusoidal  amplitude  modulation,  there  is  envelope 
variation  and  there  is  remote  masking.    In  this  Instance,  an 
additional  parameter  of  the  masker,  i.e.,  its  envelope,  determines 
portions  of  the  masking  function. 

In  the  present  study,  the  masking  function  produced  by  a  two- 
sinusoid  masker  at  several  center  frequencies  was  obtained.    At  each 
of  thes3  center  frequencies,  the  masking  was  also  determined  for 
the  lower  frequency  component  alone  and  for  the  upper  frequency 
component  alone.    The  summation  of  these  two  amounts  of  masking  was 
calculated  and  compared  to  the  summation  found  when  both  components 
were  used  as  masker.    The  summation  of  masking  is  a  phenomenon  that 
has  been  reported  for  two  noises,  a  noise  and  a  sinusoid,  but  not 
for  two  sinusoids. 

It  has  been  noted  that  for  tvo  bands  of  noise  there  is  an 
increase  in  masking  at  the  crossover  frequency  of  the  masking 
patterns  when  the  two  are  added,    Webster,  Miller,  Thompson  and 
Davenport  (1932)  report  a  7  dB  increase,  suggesting  to  thera  an 
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"in-phase  addition  process."    Bilgcr  (1959)  reports  a  6  dB  increase 
for  his  two  highest  SPLs  arid  the  expected  3  dB  power  summation  at 
the  lowest  SPL.    ile  explains  his  results  by  assuming  he  is  summing 
two  types  of  masking,  i.e.,  upward  spread  of  masking  caused  by 
distortion  products  and  critical-band  type  masking.     In  the  present 
study,  a  single  masker  level  of  40  dB  was  used  to  minimize  the 
spread  of  masking  to  high  frequencies  and  leaving,  according  to 
Bilger,  critical-band  type  masking. 

In  the  present  experiment,  the  relation  of  single-sinusoid 
masking  to  two-sinusoid  masking  in  each  region  of  three  critical 
bands,  100,  300  and  500  Hz,  was  investigated.    This  range  provides 
a  reasonable  variation  in  the  critical  bandwidth  center  frequencies, 
as  reported  by  Scharf  (1970).    In  order  to  provide  a  body  of  data 
from  which  the  answers  to  this  question  and  others  can  be  hypothesiz 
a  psychophysical  procedure  (BUDTIF,  Campbell  and  Lasky,  1963) 
yielding  finer  threshold  resolution  than  that  used  by  Booth  and 
Brandt  (1970)  (Bekesy  tracking)  was  used.    An  adaptive  technique 
appeared  to  be  well  suited  to  this  psychophysical  task.    Unlike  the 
fixed  methods,  it  required  no  prior  knowledgo  of  the  psychometric 
function  and  was  more  efficient  with  respect  to  the  time  required 
to  obtain  threshold  values. 


CHAPTER  II 
PROCEDURE 

Subjects 

Two  listeners  with  four  hours  of  training  in  the  BUDTIF 
procedure  were  used  as  subjects.    The  subjects  were  selected  for 
their  ability  to  do  the  task  and  their  availability,  Between-day 
threshold  variability  [[equal  to  or  smaller  than  that  reported  by 
Campbell  and  Lasky  (1968)]  and  a  rapid  response  were  the  two 
criteria  for  judging  their  ability  to  perform  the  task. 

Masking  Stimuli 

The  masker  was  generated  using  a  general-purpose  linear 
Integrated  circuit,  Motorola  MCI 545.    The  circuit  was  operated  as 
a  suppressed  carrier  amplitude  modulator  adapted  from  Application 
Note  475  in  The  Mlcroel ectronlcs  Data  Book  (1969).    The  wide-band 
frequency  characteristic  of  this  circuit  permits  the  use  of  high 
carrier  and  modulator  frequencies  relative  to  the  ear's  range  of 
greatest  sensitivity.    The  carrier  frequency  and  the  rcodulaticn 
frequencies  were  chosen  so  that  only  the  lower  of  tha  two  sidebands 
fell  Into  the  frequency  interval  of  400  Hz  to  3000  Hz.    The  other 
sideband  lies  well  above  the  ear's  range  of  greatest  sensitivity, 
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and  both  the  upper  sideband  ;>nd  the  carrier  frequency  are  well  above 
the  frequency  response  of  the  earphone,    Sinoi  suppressed  carrier 
amplitude  modulation  yields  spectral  components  that  are  equal  to 
the  carrier  frequency  plus  and  minus  the  modulation  frequency,  one 
and  two  modulation  frequencies  were  used  to  generate  the  one  and  two 
component  maskers,  respectively.    Tho  spacing  between  the  components 
in  tho  masker  is  determined  by  the  absolute  frequency  difference 
between  the  modulation  frequencies.    As  the  frequency  of  the  carrier 
is  increased,  the  frequency  of  the  sidebands  increases,  but  the 
spacing  between  the  components  remains  constant.    The  generation 
of  the  masker  in  this  manner  was  required  to  obtain  the  Bekesy 
tracking  data.    The  frequency  spacings  between  the  two  component 
maskers  were  ICO,  300  cad  500  Hzf  in  the  case  of  the  single  component 
maskers,  half  of  this  spacing  was  used  abovo  and  below  the  test 
frequency.    The  two  component  masker  SPL  was  40  dB,  while  each  of 
the  single  component  masker  SPLs  was  37  dB, 

»  - 

Test  Signal 

The  test  signal  was  obtained  by  mixing  an  additional 
modulation  frequency  with  the  masker  modulation  frequencies.  The 
frequency  of  this  modulator  was  adjusted  such  that  its  component  in 
tho  sideband  was  in  the  desired  frequency  relation  to  the  masking 
component ( s) .     Its  amplitude  was  variable  and  adjusted  in  accordance 
with  the  rules  of  the  threshold  procedure  being  used.     In  the  Bekesy 
procedure,  threshold  was  obtained  over  the  range  0,4  to  3,0  kHz. 
The  test  frequencies  used  in  the  BUDTIF  procedure  were  0.4,  0.5,  0,7, 
0.9,  1.0,  1.1,  1,2,  1.3,  1.4,  1.5,  1,6,  1.7,  1.8,  1.9,  2.0,  2.2,  2.4, 
2,6,  2.8  and  3.0  kHz  and  were  the  sama  for  both  subjects. 
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Experiment  I 

In  this  experiment,  continuous  frequency  masking  curves  of 
the  kind  described  by  Booth  and  Brandt  (1970)  were  obtained.  The 
Bekesy  procedure  was  used  to  obtain  the  threshold  measurements. 
Fig,  1  shows  the  schematic  diagram  of  the  equipment  used  in  the 
experiment. 

The  two  masking  component  oscillators  (General  Radio,  Model 
1313-A)  were  mixed  in  a  two-channel  active  mixer,  the  output  of 
which  was  led  to  the  modulator  input  of  the  Motorola  MC1545,  The 
test  signal  oscillator  (Hewlett-Packard,  Model  202)  was  led  to  an 
imped.ince  matching  transformer  (United  Transformer  Company,  Type 
LS-33)  and  a  recording  attenuator  (Grason-Stadler,  Model  3262A). 
The  output  of  the  recording  attenuator  was  led  to  an  impedance 
matching  transformer  (United  Transformer  Cocpany,  Type  LS-33), 
then  gated  with  a  period  of  200  msec  and  50  per  cent  duty  cycle  by 
an  electronic  switch  (Grason-Stadler,  Model  329E).    The  gated  output 
was  led  to  the  buffer  amplifier  and  the  modulator  input  of  the 
Motorola  MCI 545.    The  output  of  the  balanced  modulator  was  led  to  a 
filter  (Krohn-Kite,  Model  3100)  and  an  earphone  (Telephonies, 
Model  TDH«39)  mounted  in  an  MX-41/AR  cushion.    The  filter  is  used  to 
smooth  the  acoustic  response  of  the  stimulus  generating  system. 
The  recording  attenuator  was  controlled  by  the  subject  using  a  hand 
switch.    The  output  of  the  recording  attenuator  also  was  led  to  the 
graphic  level  recorder  (General  Radio,  Model  1521B),    The  graphic 
level  recorder  drives  the  carrier  frequency  oscillator  (General 
Radio,  Model  1304B),    The  recording  attenuator,  test  signal  oscillator 
and  graphic  level  recorder  were  used  as  a  Bekesy  audiometer  (Bekesy, 
I960), 
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Experiment  II 

In  this  experiment,  fixed-frequency  masking  data  were  obtained, 
Th>3  BUDTIF  procedure  was  used  to  obtain  the  threshold  measurements. 
Fig8  2  shows  the  schematic  diagram  of  the  equipment  used  in  the 
experiment. 

The  masking  signal  was  generated  in  the  same  manner  as  in 
Experiment  I,    The  test  signal  was  generated  in  the  same  manner  as 
in  Experiment  I,  but  was  delivered  in  a  different  manner,  as 
necessitated  by  the  BUDTIF  procedure.    The  output  of  the  test  signal 
oscillator  (Hewlett-Packard,  Model  202)  was  led  to  the  random 
channel  selector  (RCS),  described  in  Appendix  B,    The  RCS  is  a 
special-purpose  circuit  that  randomizes  an  input  between  two  electronic 
switches  (Grason-Stadlor,  Model  829E),    The  outputs  of  the  electronic 
switches  (Grason-Stadler,  Model  829E)  were  mixed  with  an  impedance 
matching  transformer  (United  Transformer  Company,  Type  LS-33)  and 
attenuated  (Hewlett-Packard,  Model  350D),    The  remainder  of  the 
stimulus  generating  equipment  was  the  same  as  described  in  Experi- 
ment I, 

BUDTIF  Procedures 

The  BUDTIF  procedure  as  described  by  Campbell  and  Lasky  (1968) 
was  used  in  the  study.    The  BUDTIF  procedure  presents  levels  of  tho 
stimulus  in  blocks  of  two  or  more  trials  to  the  subject.  The 
performance  of  the  subject  within  a  block  of  trials  determines  the 
value  of  the  stimulus  to  be  used  in  the  next  block  of  trials.  The 
presentation  of  trials  within  a  block  requires  the  use  of  a  forced- 
choice  procedure.    Campbell  (1969a),  in  a  study  of  forced-choice 
procedures,  reports  the  smallest  "subject"  effect  for  the  2IFC 
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continuous  masker  condition.    In  this  condition,  the  signal  is 
always  presented  in  one  of  two  well-defined  signal  intervals,  while 
the  masking  stimulus  is  continuously  pres«5nted.    Since  it  is  desired 
to  minimize  differences  between  subjects,  the  2IFC  continuous  masker 
was  used  in  the  study.    The  basic  goal  of  BUDTIF  is  to  determine  the 
sound  pressure  level  for  a  given  point  on  the  psychometric  function. 
For  the  75  per  cent  correct  detection  point,  Campbell,  Hutton  and 
Stuckey  (1966)  found  minimal  variability  and  bias  for  repeated 
thresholds  when  the  block  size  was  four  trials.    The  target  performance 
value  of  75  per  cent  correct  detections  was  used  in  the  present 
experiment  because  its  efficiency  is  well  established  (Campbell 
et  al.,  1966;  Campbell  et  al . ,  1963}  and  Campbell,  1969a, b).  The 
following  decision  rules  were  used.    Each  threshold  run  began  at 
level  5  dB  above  the  anticipated  value  from  the  results  of  Experi- 
ment I,    The  stimulus  step  size  was  2  dB,    The  level  change  rules 
were  as  follows.    In  a  block  of  four  trials,  if  two  or  more  incorrect, 
Increase  one  step}  if  one  incorrect,  no  change}  and  if  zero  incorrect, 
decrease  one  step.    The  effect  of  the  no«change  rule  was  to  permit 
the  subject  to  continue  tracking  at  the  75  per  cent  correct  detection 
point  since  this  is  the  nominal  target  value  on  the  psychometric 
function.    After  the  fifth  revisit  to  a  stimulus  level,  the  presenta- 
tion of  stimuli  was  terminated.    The  median  of  the  revisited  stimulus 
levels  was  taken  at  the  stimulus  level  at  which  the  subject  was 
correct  in  his  detections  75  per  cent  of  the  time.    This  stimulus 
value  serves  as  the  basic  daturn  of  this  study. 
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Experiment  III 

In  this  experiment,  fixed- frequency  masking  data  for  single 
sinusoid  maskers  were  obtained.    The  same  20  test  frequencies  used 
in  Experiment  II  were  employed.    The  masker  was  located  at  a 
frequency  spacing  equal  to  one-half  the  spacing  used  in  Experiments  I 
and  II,  both  above  and  below  the  test  frequency.    Masking  observed 
under  each  of  these  conditions  was  essential  in  determining  the 
summation  of  masking  when  the  test  frequency  was  masked  simultaneously 
by  both.    The  equipment  utilized  in  this  experiment  was  the  same  as 
used  in  Experiment  II  with  the  exception  that  there  was  a  single 
masker  modulation  oscillator,  the  other  oscillator  being  replaced 
by  a  600  ohm  resistor  to  balance  the  mixer.    The  masking  data  were 
collected  using  the  BUDTIF  procedure  previously  described. 

Calibration  Procedures 

Reference  voltage  levels  were  maintained  with  a  vacuum  tube 
voltmeter  (Ballantine,  Model  321).    Frequency  and  timing  measures 
wore  made  with  a  digital  counter/timor  (Monsanto,  Model  lOiB), 
Acoustic  stimuli  were  analyzed  using  an  artificial  ear  (Briiel  and 
Kjaer,  Type  41 52)  a  condenser  microphone  and  cathode  follower 
(3r'uel  and  Kjaer,  Type  4132/2163)  and  a  microphone  amplifier 
(Briiel  and  Kjaer,  Type  2112)  whose  output  was  fed  to  a  wave  analyzer 
(General  Radio,  Model  1900A),    Harmonic  distortion  products  were 
typically  50  dB  or  more  below  the  level  of  the  sideband  components. 
The  wave  analyzer  was  also  used  to  adjust  the  oscillators  to  obtain 
the  desired  frequency  spacing  during  each  session.    The  overall 
frequency  response  of  the  stimulus  generating  equipment  was  +1,5  dB 
SPL  over  the  frequency  range  of  400  to  3000  Hz. 
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Experimental  Sessions 

The  masked  threshold  measurements  were  made  In  a  sound  treated 
room  (IAC)  for  all  three  experiments.     In  Experiment  I  the  subject 
was  instructed  in  the  Bekcsy  procedure,  the  operation  of  the  hand 
switch  and  recording  attenuator.    The  threshold  determination  for 
each  spacing  lasted  approximately  six  minutes.    Each  of  the  three 
experimental  sessions  required  approximately  45  minutes  with  two 
five-minute  breaks  interspersed.    The  spacings  were  randomly 
presented  within  each  session,  with  all  spacings  being  used  within 
a  session.     In  Experiments  II  and  III  the  subjects  were  cautioned 
that  the  probability  of  signal  occurring  in  either  of  the  intervals 
was  independent  of  previous  occurrences.    The  subjects  were  told  to 
attend  to  both  signal  intervals  before  formulating  a  decision  as  to 
which  interval  contained  the  signal.    No  feedback  was  provided  the 
subject,    Tho  duration  of  threshold  runs  was  determined  by  the 
efficiency  of  the  subject.    Each  threshold  run  lasted  approximately 
ten  minutes.    Each  experimental  session  lasted  one  hour,  with  one 
ten-minute  break  given  midway  in  the  session.    No  more  than  three 
experimental  sessions  per  day  were  conducted.    During  each  experi- 
mental session,  a  single  masker  spacing  was  employed;  however,  the 
test  frequency  was  randomized*    The  various  spacings  were  randomly 
assigned  to  experimental  sessions  with  the  restriction  that  the  data 
for  all  spacings  wero  collected  prior  to  the  repetition  of  a  given 
spacing.    Methodologically,  then,  the  data  for  Experiments  II  and  III 
were  collected  concurrently,  but  in  different  experimental  sessions. 
The  number  of  experimental  sessions  required  to  collect  all  the  data 
for  o.ich  spacing  varied  because  the  number  of  thresholds  obtained 
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per  session  varied.    Data  collection  required  a  six-week  period  to 
complete.    Quiet  thresholds  for  each  of  the  20  test  frequencies 
used  In  Experiments  IT  and  III  were  also  determined  to  permit  the 
calculation  of  the  amount  of  masking. 


CHAPTER  III 
RESULTS 


Effect  of  Psychophysical  Procedure 

Data  were  collected  in  the  form  of  continuous-  and  flxed- 
fiequency  masked  thresholds  from  400  to  3000  Hz.    In  Experiment  I 
continuous-frequency  masked  thresholds  for  two  sinusoidal  maskers 
were  collected  using  the  Sekesy  procedure.    A  continuous  masking 
pattern  was  obtained  by  drawing  a  line  through  the  midpoints  of  the 
Bekesy  tracings.    Tracings  for  three  replications  of  each  experi- 
mental condition  were  combined  to  form  an  average.    In  Experiment  II 
f ixed-frequency  masked  thresholds  for  two  sinusoidal  enskers  were 
determined  for  20  test  frequencies  by  the  BUDTIF  procedure.  The 
results  of  these  experiments  are  plotted  in  Figs,  3  (Subject  1)  and 
4  (Subject  2). 

The  panels  in  each  of  these  figures  show  the  effects  of  the 
three  spacings  -  100,  300  and  500  Hz  from  left  to  right.    There  are 
two  similarities  in  the  data  from  the  two  subjects.    First,  the 
largest  difference  In  SPL  required  for  threshold  for  the  two  measure- 
ment procedures  occurs  at  the  100  Hz  spacing  and  the  least  occurs  at 
the  500  Hz  spacing  for  both  subjects.    Second,  there  are  common 
features  in  the  masking  pattern  obtained  for  both  measurement 
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procedures  that  are  related  in  a  systematic  way.    The  features  in 
the  fixed-frequency  curve  seed  to  be  shifted  toward  the  lower 
frequencies  relative  to  the  sane  features  in  the  continuous-frequency 
curve.    Although  this  is  not  seen  in  every  case,  the  trend  seems  to 
be  in  that  direction.    In  general,  the  two  measurement  procedures 
reflect  the  same  underlying  function  though  the  magnitude  and 
detail  may  differ.    The  variability  in  repeated  threshold  measures 
for  both  procedures  does  not  account  for  the  differences  observed. 
The  greatest  difference  observed  between  threshold  repetitions  for 
the  BUDTIF  method  was  3  dB.    Typically  the  difference  was  less  than 
2  dB,  the  step  size  used  in  the  procedure.    The  Bekesy  procedure 
yielded  repetitions  that  were  on  the  order  of  4  to  6  dB  different. 

Subject  2  also  served  in  the  Booth  and  Brandt  study  (1970). 
His  Bekesy  data  in  Che  present  study  aro  in  good  agreement  with  the 
earlier  experiment. 

Effect  of  the  Individual  Sinusoids  in  Two-Sinusoid  Masking 

Figs.  5  and  6  display  the  masked  threshold  curves  obtained 
using  the  BuDTIF  technique  for  Subjects  1  end  2,  respectively.  The 
panels  in  each  figure  show  the  effect  of  spacing  between  the  two- 
masker  sinusoids  (from  left  to  right  100,  300  and  500  Hz).    In  each 
panel  three  masking  curves  plus  quiet  threshold  are  shown.  The 
curve  labeled  A  is  the  masking  pattern  observed  when  the  sinusoid 
masker  is  above  the  test  frequency.    The  curve  labeled  B  is  the 
masking  pattern  observed  when  tho  sinusoid  masker  is  below  the  test 
frequency.    The  curve  labeled  C  is  the  masking  pattern  observed  when 
both  of  thu  masking  sinusoids  are  combined  (i.e.,  two-sinusoid  masking). 
In  all  cases  tho  test  frequencies  are  equal. 
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In  Fig.  5,  Subject  1  shows  a  systematic  masking  pattern  as  a 
function  of  spacing  between  the  sinusoids.    At  a  spacing  of  100  Bz 
there  is  clear  summation  of  masking;  i.e.,  either  component  sinusoid 
produces  less  masking  than  is  the  case  when  both  are  presented 
simultaneously.    There  is  irore  masking  observed  for  the  higher 
frequency  component  (curve  A)  than  for  the  lower  component  (curve  B), 
and  both  are  clearly  different  from  quiet  threshold. 

The  center  panel  displaying  the  300  Hz  results  shows  less 
summation  than  the  100  Hz  spacing*    Again,  the  higher  component 
yields  more  masking  than  the  lower  component,  but  there  is  a  greater 
difference  betwoen  the  A  and  B  curves  than  wh*m  the  spacing  is 
100  Hz,    Compared  to  the  100  Hz  condition,  at  low  frequencies  the 
difference  is  smaller;  whilo  at  high  frequencies  the  difference  is 
larger.    This  feature  is  an  important  consideration  In  the  mechanism 
to  be  proposed.    For  frequencies  above  1000  Hz,  less  sumption  night 
be  predicted.    Indeed,  it  is  difficult  to  distinguish  between  the 
masking  curve  for  the  higher  component  (curve  A)  and  the  masking 
curve  for  both  components  (curve  C),    It  is  clear  that  for  this 
separation  between  masker  and  test  signal  the  masking  function  for 
the  lower  component  (curve  B)  is  different  from  quiet  threshold. 
It  appears  that  at  higher  test  frequencies  the  combined -maskers 
are  really  single-sinusoid  (the  higher  one)  masker  functions. 

The  right  panel  of  Fig,  5  shows  the  results  when  the  spacing 
is  500  Hz  between  the  two  masking  sinusoids.    The  masking  curve 
for  the  two-sinusoid  masker  (curve  C)  is  not  distinguishable  from 
that  of  tho  higher  component  (curve  A),    Similarly,  the  masking 
function  for  the  lower  component  (curve  B)  cannot  be  distinguished 
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from  the  quiet  threshold.    At  low  frequenci <>.s  all  four  curves  ore 
the  sarce,  and  somewhere  above  700  Ha  they  ctparate.    There  is  no 
evidence  of  supination  even  in  the  low  frequencies. 

The  left  panel  in  Fig,  6  shows  the  results  of  the  100  Hz 
spacing  for  Subject  2.    This  subject  shows  more  summation  of  masking 
than  Subject  1.    In  the  high  frequencies  (above  2500  Hz)  there  is 
little  or  no  masking  associated  with  either  component,  but  their 
combination  (curve  C)  shows  an  appreciable  amount  of  masking. 

The  center  panel  shows  the  results  of  the  300  Hz  spacing. 
Considerable  summation  of  masking  can  still  be  observed,  but  more 
than  that  expected  from  a  simple  summation  hypothesis  (3  dB), 
Low  frequencies  show  little  or  no  masking  for  all  three  conditions. 
For  the  two  single-sinusoid  conditions,  thare  is  a  region  around 
i700  Hz  vhere  there  is  no  mesking.    Again,  above  2400  Hz,  as  was 
the  case  for  the  100  Hz  spacing,  there  is  little  or  no  masking,  but 
appreciable  summation.    The  masking  for  tho  lower  component  (curve  B) 
is  not  different  from  quiet  threshold  except  over  the  range  1000  to 
1700  Hz. 

The  right  panel  shows  the  results  of  the  500  Hz  spacing.  The 
masking  due  to  both  components  (curve  C)  is  no  different  than  froa 
the  masking  due  to  the  higher  component  (curve  A).    This  is  further 
supported  by  observing  that  tho  masking  measured  when  the  lower 
component  (curve  B)  is  present  is  no  different  from  quiet  threshold. 
In  the  low  frequencies,  all  four  thresholds  can  be  considered  the 
same. 

Above  about  1700  Hz  there  is  probably  no  difference  in  the 
threshold  for  all  four  conditions.  Tho  amount  of  masking  in  the 
region  above  1700  Hz  is  considerably  different  for  the  subjects. 
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The  important  similarities  for  the  subjects  are  as  follow. 
When  the  amount  of  masking  observed  for  the  higher  and  lower  components 
approximate  each  other,  masking  summation  occurs.    Also,  there  is  a 
greater  amount  of  masking  associated  with  the  higher  frequency 
component  (curve  A)  than  with  the  lower  component  (curve  B).  Even 
though  there  is  considerably  less  masking  for  the  lower  component 
(curve  B),  significant  masking  summation  occurs.    The  ordering  of 
the  curves  for  both  subjects  for  all  spacings  is  that  more  masking 
occurs  with  the  higher  component  than  for  the  lower  component. 

The  primary  difference  between  the  subjects  lies  in  the 
frequency  selectivity  characteristics  exhibited  by  Subject  2,  but 
not  Subject  1,    While  the  increase  in  masking  begins  at  about  900  Hz 
for  both  subjects,  Subject  2  shows  a  minimum  around  1700  Hz,  which 
is  not  the  case  fcr  Subject  1. 

The  data  from  Figs.  5  and  6  have  been  rearranged  in  Figs.  7 
and  8.    The  panels  from  left  to  right  are  the  masker(s)  above, 
below  and  combined.     In  each  panel  frequency  spacing  i3  the 
parameter.    Within  a  panel  the  curve  ordering  is  as  expected;  that 
is,  as  masker  location  is  increasingly  distant  from  the  test  signal, 
masking  decreases.    Threshold  SPL  convergence  at  high  frequencies 
occurs  in  all  panels  except  the  masker-bclow  condition  for  Subject  1. 
The  amounts  of  masking  are  different  for  the  subjects.    In  Fig,  8 
(Subject  2)  a  local  maximum  occurs  in  the  curves  in  each  panel 
between  1100  and  1200  Hz  except  for  the  250  Hz  raasker-below. 
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CHAPTER  IV 
DISCUSSION 

Effects  of  Psychophysical  Procedure 

One  purpose  of  this  study  was  to  determine  the  effect  of 
psychophysical  method  on  the  masking  pattern  produced  by  a  two- 
sinusoid  masker.    The  same  stimulus  generating  equipment  was  used 
in  both  procedures  and  thus  was  not  a  significant  source  of  error. 
As  seen  in  Figs.  3  and  4,  the  two  procedures  produced  differences 
in  threshold  SPL,  with  the  Bekosy  procedures  showing  higher 
thresholds.    Systematic  effects  in  the  frequency  location  features 
of  the  masking  pattern  were  observed.    Using  the  Bekesy  procedure, 
certain  maxima  and  minima  in  the  threshold  curves  were  higher 

in  frequency  than  the  same  features  using  the  BUDTIF  technique. 
This  result  is  reasonable  since  frequency  is  changed  continuously 
in  the  Bokesy  procedure.    A  lag  in  response  would  be  expected  with 
the  Bekesy  procedure  relative  to  fixed-frequency  conditions  of  the 
BUDTIF  procedure.    The  differences  might  also  be  in  part  the  result 
of  slack  in  the  mechanical  linkages  in  the  Bekesy  system.  Although 
the  threshold  criteria  are  different  for  the  two  procedures  (i.e., 
frequency  tracking  vs.  fixed  frequency),  it  is  difficult  to  account 
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for  the  large  differences  in  SPL  required  for  threshold  on  the 
basis  of  criteria.    It  is  not  apparent  how  one  would  account  for 
the  threshold  differences,  and  in  particular  why  there  is  a  frequency 
spacing  effect,     It  seems  fair  to  conclude  that  the  psychophysical 
method  has  a  quantitative  effect  on  the  measures  one  makes,  but 
that  the  phenomenon  described  by  Booth  and  Brandt  (1970)  is  not 
dependent  on  continuously  changing  frequency  for  its  demonstration. 

Summation  of  Masking 

The  primary  purpose  of  this  study  was  to  investigate  the 
summation  of  masking.    The  critical-band  hypothesis  states  that 
when  two  masking  sinusoids  fall  within  the  same  critical  band, 
there  will  be  a  3  dB  increment  in  masking  whenever  the  individual 
sinusoids  produce  the  same  amount  of  masking  of  the  test  signal. 
In  almost  every  case  there  was  more  simulation  of  masking  than 
predicted  in  the  present  study.    For  example,  in  the  left  panel  of 
Fig.  5  at  1000  Hz  there  is  a  4  dB  difference  in  the  masking  for 
the  two  single-sinusoid  conditions.    The  summation  based  on  the 
amount  of  masking  is  predicted  to  bo  1,4  dB,    However,  a  6  dB 
summation  of  masking  is  observed. 

The  amount  of  summation  was  dependent  on  frequency  spacing, 
the  frequency  location  of  the  stimuli,  as  well  as  individual  subject 
differences.    For  the  narrowest  spacing,  100  Hz,  summation  occurred 
over  the  entire  frequency  range  for  Subject  2  (Fig,  6),    Such  a 
result  !s  expected  from  the  literature.    Scharf  (1970)  reports  that 
the  smallest  critical  bandwidth  is  100  Hz,    Assuming  that  summation 
is  a  manifestation  of  the  critical  band,  it  Is  hypothesized  that 
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both  components  fall  into  tire  pass-band  and  arc  summed.    Since  the 
critical  bands  are  generally  considered  to  be  larger  than  100  Hz, 
summation  must  occur  over  the  whole  frequency  range.    The  results 
for  the  300  Hz  spacing  show  the  expected  summation  pattern.  There 
Is  little  summation  in  the  low  frequencies  (below  about  600  Hz) 
and  summation  at  higher  frequencies.    For  a  spacing  of  500  Hz,  there 
is  masking  summation  only  in  a  narrow  frequency  range  around  1100  Hz. 
Except  for  the  500  Hz  spacing,  the  masking  summation  observed  has 
paralleled  changes  in  critical  bandwidth  as  a  function  of  frequency. 
It  is  not  clear  why  there  is  no  summation  above  about  1500  Hz. 

On  the  other  hand,  Subject  1  shows  a  pattern  of  masking 
summation  that  is  different  from  Subject  2.    For  a  spacing  of  100  Hz 
there  is  a  broad  pattern  of  summation.    However,  for  the  300  find 
500  Hz  spacings,  there  is  no  summation  above  1000  Hz  and  only  below 
1000  Hz  for  tho  300  Hz  spacing.    The  lack  of  frequency  dependence 
for  wide  spacing3  is  difficult  to  interpret.    The  narrow  spacings 
produce  summation  in  accordance  with  a  critical-band  prediction. 
However,  for  the  largest  spacing,  neither  subject  showed  a  summation 
pattern  commensurate  with  changes  in  critical  bandwidth  as  a 
function  of  frequency. 

Other  Investigators  have  studied  tho  summation  of  masking 
(Bilger,  1959;  Green,  1967).    The  greater  than  3  d3  summation 
observed  in  their  studies  was  attributed  to  distortion  products. 
Bilgor  states  that  the  upward  spread  of  masking  partly  accounts  for 
summation,  whereas  Green  suggests  it  is  detection  of  distortion  product 
In  the  present  study,  distortion  products  were  minimized  by  using  a 
masker  level  of  40  d3  sound  pressure  level.    Plcmp  (1965)  reports 
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detectabi 1 lty  threshold  for  combination  tones  to  be  generally 
greater  than  40  dB  SPL.    Goldstein  (1967)  suggests  a  level  of  50  dli 
sensation  level  before  fchey  are  audible.    These  findings  suggest 
that  the  generation  of  summation  and  difference  tone3  is  not  signi- 
ficant in  the  determination  of  masked  thresholds  in  the  present 
study,  and  therefore  would  not  account  for  the  greater  than  3  dB 
summation  also  observed  in  this  study,     (No  attempt  was  made  in  the 
present  study  to  psyc'noecoustically  assess  the  presence  or  absence 
of  combination  tones.     In  addition,  the  acoustic  stimulus  contained 
no  components  higher  than  -50  d3  relative  to  the  maskers*) 

Sinusoidal  Masking 

The  unusual  finding  that  a  high  frequency  masks  a  test 
signal  more  efficiently  than  a  lover  frequency  has  been  reported, 
but  not  directly  commented  upon,  by  Zwicker  (1954)  and  Small  (1959), 
Zwicker  used  a  fixed- frequency  test  signal  and  found  more  masking 
for  the  masker-above  condition  than  for  the  masker-bclow  condition. 
Small,  using  a  constant  intensity  test  signal,  found  that  for  a 
masker-frequency/signal -frequency  ratio  of  0,95  and  1,05,  the 
higher  frc-quency  masker  was  more  efficient;  i.e.,  it  masked  out  the 

s 

test  signal  at  a  lower  SPL,    For  ratios  0,8  and  1,2  at  low  test 
signal  frequencies,  the  higher  frequency  masker  was  the  more 
efficient;  as  test  signal  frequency  was  increased,  the  lower 
frequency  masker  became  more  efficient. 

The  results  of  this  study,  as  well  as  those  of  Zwicker  (1954) 
and  Small  (1959),  suggest  that  for  small  frequency  differences 
between  the  signal  and  masker,  the  condition  where  the  masker  is 
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above  the  test  signal  in  frequency  is  more  efficient  than  the 
reverse  condition.    These  results  do  not  necessarily  contradict 
the  generalization  that  low  frequencies  mask  highs  more  efficiently 
than  high  frequencies  mask  lows  because  the  experiments  on  which 
this  generalisation  is  based  use  larger  frequency  spacing  than  were 
used  here. 

Amount  of  Masking 

Conventionally,  the  amount  of  masking  is  defined  as  the 
threshold  shift  of  a  sound  caused  by  the  presence  of  another. 
Displayed  in  Fig.  9  are  the  amounts  of  masking  at  1700  Hz,  which 
are  representative  of  the  overall  patterns  observed.    Subject  1  is 
6  dB  more  sensitive  than  Subject  2.    However,  there  are  large 
differences  in  the  threshold  shifts  for  the  subjects.    For  example, 
Subject  1  shows  16.5  dB  more  masking  than  does  Subject  2  for  the 
100  Hz  spacing.    Subject  2  shows  approximately  6  dB  summation  for 
the  100  and  300  Hz  spacings.    For  the  500  Hz  spacing,  there  is  no 
summation.    Subject  1  shows  approximately  3  dB  summation  for  the 
100  and  300  Hz  spacings.    For  the  500  Hz  spacing,  the  amount  of 
masking  is  the  same  as  the  masker-above  condition.    The  shape  of 
threshold  shift  curves  as  a  function  of  frequency  spacing  is  in 
agreement  with  those  reported  by  Brandt  and  Booth  (1970), 

Poss_lbl e  Mechanism  for  Masking 

Summation  of  masking  within  a  critical  band  consistently 
explained  only  the  data  at  the  smallest  spacing  (100  Hz)  and  below 
700  -  90O  Hz  for  the  300  Hz  spacing.    Still  unexplained  were  the 
effects  of  frequency  spacing  and  masker  location  above  the 


Fig.  9.    Amount  of  masking  at  1700  Hz  as  a  function 
of  masker  spacing.    The  parameter  is  masker 
position}    above  (a),  below  (B)  and  combined 
(C).    Left  panel,  Subject  I',  right  panel. 
Subject  2, 
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700  -  900  Hz  region.    An  explanation  in  terms  of  the  critical  band 
is  basically  unacceptable  for  two  reasons.    First,  the  absence  of 
summation  of  masking  and,  second,  the  threshold  signal-to-nolse 
ratios  (S/N)  did  not  conform  to  critical-band  behavior. 

The  top  of  the  ordinate  in  Figs.  5  through  8  is  0  dB  S/N. 
According  to  Fletcher  (1940),  the  S/N  ratio  should  be  0  dB  at  a 
critical  bandwidth  or  greater  (i.e.,  any  higher  frequency).    As  la 
typical,  the  S/N  ratios  are  negative  in  the  present  study.  Although 
the  absolute  value  of  the  S/N  ratio  is  of  little  importance,  its 
variation  as  a  function  of  frequency  is  important.    According  to 
Scharf  (1970),  the  S/N  ratios  expected  from  critical  bands  are  as 
follow,    A  masker  with  a  100  Hz  spacing  should  produce  a  constant 
threshold  S/N  ratio  at  all  test  frequencies,  a  300  Hz  spacing  should 
produce  a  constant  S/N  ratio  above  1900  Hz,  and  above  2600  Hz  for  a 
500  Hz  spacing.    Only  the  100  Hz  spacing  produced  the  predicted 
result.    For  other  spaclngs,  the  threshold  S/N  ratio  generally 
decreases  (goes  more  positive  toward  0  dB)  with  an  increase  in  test 
frequency  above  about  700  -  900  Hz. 

The  700  -  900  Hz  region  is  whore  Subject  1  ceased  to  show 
summation  at  300  Hz  spacing  and  where  the  effects  of  the  masker 
below  tha  test  signal  began  to  disappear.    It  is  the  same  region 
where  Subject  2  began  to  show  summation  at  all  spacings  in  a  narrow 
frequency  region. 

Consideration  of  the  frequency  effects  brought  to  mind  other 
psychoacoustic  data,  such  as  the  decrease  in  the  relative  differential 
threshold  for  frequency  up  to  about  1000  Hz  (Shower  and  Blddulph, 
1931),  the  constant  critical  bandwidth  as  a  function  of  frequency 
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up  to  1000  Hz  (Scharf,  1970),  the  rapid  decrease  in  absolute 
sensitivity  up  to  1000  Hz  in  our  data,  etc.    Mot  the  least  was  a  . 
consideration  of  the  generalization  that  frequency  is  distributed 
along  the  basilar  membrane  linearly  up  to  about  700  •  1000  Hz  and 
logarithmically  above  about  1000  Hz  (e.g.,  Greenwood,  1961b).  The 
frequency-place  representation  is,  of  course,  a  mechanical  (anatomical) 
one  and  suggested  a  possible  explanation  of  the  data  in  terms  of  a 
peripheral  mechanism. 

In  Fig.  10,  stylized  displacement  patterns  along  the  basilar 
membrane  are  shown  for  each  of  the  masker  conditions.    The  test 
frequency  is  at  2000  Hz  and  the  frequency-place  relations  (high-to- 
low,  left-to-right)  are  represented  logarithmically.    The  spacings 
of  the  maskers  from  the  test  frequency  are  shown  from  top  (50  Hz) 
to  bottom  (250  Hz),    The  left-hand  column  represents  masker-above 
(A),  the  center  column  represents  masker-below  (B),  and  the  right- 
hand  column  represents  the  maskers-combined  (C)  condition.    The  peak 
of  the  masker-above  pattern  is  always  constant.    The  peak  of  the 
masker-below  pattern  varies  by  the  difference  in  masking  between 
the  two  conditions  In  the  data  from  Subject  1  in  Fig.  5,  The 
difference  in  effective  masker  levol  is  dictated  first  by  psycho- 
acoustic  data,  which  say  that  the  amount  of  masking  of  a  sinusoid 
by  a  sinusoid  of  each  frequency  Is  directly  proportional  to  the 
masker  level.    Since  the  maskers  are  of  equal  SPL  and  the  masker- 
below  shows  less  masking,  the  peak  of  the  masker-below  pattern  has 
been  reduced  by  the  difference  in  the  amount  of  masking.  Physiological 
evidence  for  making  such  an  adjustment  independent  of  masking 
experiments  is  provided  by  Rhode,  who  demonstrated  with  the  Mossbauer 
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technique  that  given  equal  input  SPL,  the  displacement  of  the  basilar 
membrane  will  increase  as  the  position  of  measurement  moves  toward 
the  base  (see  Rhode,  1971,  Fig.  8). 

In  Fig.  10,  the  degree  of  overlap  (shaded  area)  represents 
the  amount  of  masking.    Note  the  shaded  areas  in  the  left  column 
are  larger  than  the  shaded  areas  in  the  center  column.    In  other 
words,  greater  masking  occurs  for  the  masker-above  condition  than  the 
masker-below  condition.    This  is  precisely  what  the  data  of  Subject  1 
show  at  2000  Hz.    Examining  the  effects  of  spacing,  one  sees  in  the 
figure  a  decrease  in  the  shaded  areas  with  increase  in  spacing.  Again 
the  psychoacoustic  data  show  that  masking  decreases  with  Increased 
spacing.    Note,  however,  the  masker-below  condition  shows  no  overlap 
at  a  spacing  at  250  Hz,  which  means  no  masking  in  this  condition. 
Indeed,  the  psychoacoustic  data  of  Fig,  5  show  the  masker-below 
condition  results  in  the  same  thresholds  as  the  quiet  threshold. 

The  maskers-combined  condition  is  shown  in  Fig,  10  in  the 
right-hand  column.    Again,  the  effects  of  spacing  in  the  figure 
parallel  the  psychoacoustic  data.    Note,  however,  the  250  Hz  spacing 
where  the  overlap  is  provided  by  the  masker-above  condition.  Indeed, 
in  Fig,  5  the  A  and  C  curves  are  interleaved.    These  conclusions 
appear  to  hold  for  frequencies  above  1000  Hz, 

The  confirmation  of  a  peripheral  mechanism,  i,e,,  interaction 
of  displacement  patterns,  explaining  the  psyehoaeoustlc  data  is 
shosm  in  Fig,  11  where  the  stylized  patterns  are  graphed  on  a  linear 
frequency-place  scale  appropriate  for  the  data  at  900  Hz  in  Fig,  5. 
The  conclusions  are  the  same  as  discussed  above  and  hold  for  frequenci 
less  than  about  900  Hz. 
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The  preceding  discussion  seems  to  explain  the  data  of  Subject  1 
quite  easily.     It  also  explains  the  data  of  Subject  2.    The  difference 
between  the  subjects  is  basically  that  Subject  2  shows  more  summation 
over  a  wider  frequency  range  for  the  300  Hz  spacing  and  in  a  narrow 
frequency  range  (900  -  1500  Hz)  for  the  500  Hz  spacing.    It  is 
tempting  to  suggest  that  Subject  2  has  greater  frequency  selectivity 
than  Subject  1,  and  the  frequency- local ized  summation  regions  may 
further  represent  such  a  differentiation.    Note  the  difference  in 
the  size  of  the  peaks  in  the  masking  functions  obtained  from  the 
two  subjects  by  the  Bekesy  technique,  as  shown  in  Figs,  3  and  4. 

The  fact  that  a  peripheral  mechanism  can  explain  these  data 
makes  it  tempting  to  further  speculate  upon  the  localized  summation 
areas  seen  in  the  sweep  frequency  Bekesy  data  from  this  study  and 
the  localized  peaks  in  the  masking  functions  reported  earlier  by 
Booth  and  Brandt  (1970)  and  Brandt  and  Booth  (1970).    Our  earlier 
explanation  suggested  that  the  peaks  were  the  result  of  a  fixed 
neuro-anatomical  organization  of  the  auditory  system  in  conjunction 
with  inhibitory  mechanisms.     It  appears  from  the  present  data  that 
this  is  indeed  the  case.    A  peripheral  mechanism  easily  explains 
the  general  data  of  Subjects  1  and  2.    The  peak  in  the  masking 
functions  from  Subject  2  shows  summation  of  masking.     If  summation 
and  the  critical-band  behavior  are  related,  it  is  tempting  to 
suggest  that  the  critical  band  is  indeed  a  peripheral  phenomenon. 


CHAPTER  V 
SUMMARY 

In  the  investigation  of  auditory  masking,  the  results  have 
been  interpreted  in  view  of  the  critical  band.    Ideal  frequency- 
response  characteristics  have  been  sought  in  the  masking  patterns 
of  sinusoids  and  noises.    With  the  exception  of  single-sinusoid 
masking,  the  results  are  generally  consistent  with  the  critical- 
bend  hypothesis.    This  investigation  attempts  to  determine  the  role 
of  the  critical  band  in  the  relation  between  single-sinusoid  masking 
and  two-sinusoid  masking.    A  simple  power  summation  (3  dB)  in 
masking  was  expected  whenever  the  amounts  of  masking  were  equal. 

Three  masking  conditions  were  used:    masker«.above,  masker- 
below  and  maskers-combined.    The  amount  of  masking  was  determined 
for  each  of  the  conditions  at  test  frequencies  from  400  to  3000  Hz, 
The  effect  of  psychophysical  procedure  was  also  determined  (Bekesy 
vs.  BUDTIF).    Monaural  masked  thresholds  wore  obtained  for  two 
listeners  using  both  threshold  procedures.    The  masker  spacings 
were  100,  300  and  500  Hz  in  the  maskers-combined  condition. 

The  results  of  this  investigation  indicate  that  psychophysical 
procedure  is  not  significant  in  determining  the  pattern  of  masking, 
but  is  significant  in  the  absolute  amount  of  masking  measured.  For 
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all  spacings  used,  more  masking  was  observed  for  the  masker  above 
the  signal  in  frequency  than  when  it  was  below.    The  100  Hz  spacing 
data  showed  more  masking  summation  then  expected.    The  pattern  of 
summation  was  found  to  be  consistent  with  a  critical-band  inter- 
pretation.   The  300  Hz  spacing  data  revealed  a  subject  difference 
in  the  pattern  of  summation.    This  difference  was  attributed  to 
frequency  selectivity  differences  which  were  also  reflected  in  the 
amount  of  masking  measured.    For  the  500  Hz  spacing,  the  masking 
summation  pattern  was  not  explainable  using  the  critical-band 
hypothesis.    The  masking  curves  for  the  maskers-combined  condition 
were  not  distinguishable  from  the  masker-above  condition. 

It  was  hypothesized  that  the  results  of  this  investigation 
could  be  explained  by  the  overlap  of  the  displacement  patterns  of 
the  signal  and  masker(s)  along  the  basilar  membrane.  Additionally, 
it  was  hypothesized  that  the  masking  critical  band  is  essentially 
a  peripheral  phenomenon.    For  wide  masker  separations,  inhibition 
processes  produce  localized  effects  in  the  masking  pattern. 


APPENDICES 


APPENDIX  A 

WO  INTERVAL  FORCE  CHOICE  (2IFC)  EQUIPMENT 

The  2IFC  method  of  signal  presentation  required  tho  use  of 
a  locally  manufactured  random  channel  selector  (RCS),    The  RCS 
performs  the  following  functions  on  each  trials    (1)  randomization 
of  the  signal  between  the  two  temporal  intervals:  (2)  turn  on 
warning  light:  and  (3)  provide  start  trigger  to  interval  timer 
controlling  temporal  interval  one.    Each  temporal  interval  is 
controlled  by  Its  own  electronic  switch  and  timer. 

Each  trial  begins  with  tho  "start"  button  press  initiating 
the  timing  sequence  in  Fig,  12,    The  RCS  input  (test  signal)  Is 
switched  between  the  input  of  the  two  electronic  switches  at  a  rate 
of  10  kHz,    A  "start"  button  pres3  operates  the  RCS  until  the 
end  of  the  warning  light  period.    At  that  instant  the  RCS  delivers 
a  signal  to  the  input  of  cither  switch  1  (interval  one)  or  switch  2 
(interval  two).    The  probability  that  tho  signal  occurred  In  one 
interval  or  the  other  was  found  not  to  be  statistically  different 
from  0,5.    A  record  of  the  interval  selected  was  kept  and  checked 
periodically.    One  second  following  Initiation  of  the  trial,  the 
RCS  turned  on  a  500  msec  warning  light;  500  msec  after  the  light 
went  off,  the  "A"  triggering  pulse  was  delivered  to  interval  timer 
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one  (Grason-Stadler,  Modal  471-1).    The  interval  timer  turned  on 
electronic  switch  one  for  100  msec  with  rise-fall  tine  of  10  msec. 
A  light  was  provided  which  coincided  **ith  temporal  interval  one. 
Following  temporal  interval  one,  a  500  msec  interval  ("B"  on 
interval  timer  one)  occurred  separating  temporal  intervals  one  and 
two.    Ending  this  interval  was  the  "A"  triggering  pulse  to  interval 
timer  two.    Timer  two  turned  on  electronic  switch  two  for  100  msec 
with  rise-fall  time  of  10  msec.    A  second  light  coincided  with 
temporal  interval  two.    At  the  end  of  "B"  on  for  interval  timer  two, 
the  timers  and  switches  were  reset  to  their  initial  conditions. 
After  the  occurrence  of  both  temporal  intervals,  the  subject 
responded  with  the  temporal  interval  thought  to  contain  the  signal. 
The  response  was  manually  recorded  along  with  the  stimulus  level 
and  interval  the  signal  occurred  in.    The  next  trial  began  when  the 
subject  again  pressed  the  "start"  button. 


APPENDIX  B 
SIGNAL  AND  MASKER  GENERATION 

The  frequencies  required  to  generate  combined  masker  (C) 
with  a  500  Hz  spacing  are  19,750  end  20,250  Hz.    The  frequency 
required  for  the  test  signal  Is  20,000  Hz.     In  amplitude  modulation 
the  carrier  frequency  determines  the  frequency  location  of  the 
sidebands.    With  a  carrier  frequency  of  20,400  Hz,  the  lower 
sideband  frequencies  are  150,  400  and  650  Hz.    The  upper  sideband 
is  eliminated  by  the  frequency  response  of  the  earphone  and  filter. 
For  the  masker-above  condition  (A),  20,250  Hz  is  removed  from  the 
modulation  input.    For  tho  masker-below  condition  (B),  19,750  Hz 
is  removed  from  the  modulation  input.    Variation  of  the  carrier 
frequency  from  20,400  to  23,000  Hz  changes  the  signal  from  400  to 
3000  Hz  with  the  masker  ccirponent(s)  located  250  Hz  away. 
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APPENDIX  C 
DATA  IN  FIGS.  5  AND  6 
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Table  I.    Moan  SPL  required  for  75  per  cent  correct  detections. 

{■Jasker  spacing  in  tha  combined  condition  was  100  Hz. 
The  conditions  are:    masker- above  (A),  masker-below  (B), 
and  maskers* combined  (C). 


Test- 


Frequency  Subject  1  Subject  2 


(Hz)   

A 

B 

C 

A 

B 

C 

400 

24.0 

19.9 

28.2 

23.4 

22.5 

26,2 

500 

25.1 

20.0 

26.8 

20.7 

20.6 

22.0 

700 

24.3 

17.3 

29.7 

16.6 

13.9 

22.8 

900 

23.8 

16.0 

27.2 

16.1 

13,2 

23.6 

1000 

24.4 

20.0 

30.1 

18.7 

14.7 

23.1 

1100 

25.8 

21.6 

29.7 

19.0 

15.4 

25.5 

1200 

23.6 

21.5 

30.5 

19.9 

17.9 

26.1 

1300 

28.3 

21.6 

30.4 

18.8 

13.9 

23.6 

1400 

28.6 

23.6 

29.6 

18.5 

16.6 

22.8 

1500 

27.3 

25.0 

30.4 

17.9 

13.7 

22.1 

1600 

27.7 

23.6 

33.0 

14.4 

14,6 

24.5 

1700 

29.5 

24.5 

33.3 

16.3 

15.6 

22.7 

1800 

27.2 

25.3 

28.6 

17.8 

17.0 

24.8 

1900 

29.3 

24.8 

31.3 

17.2 

15.9 

24.7 

2000 

28.7 

24.0 

30.5 

16.5 

15.9 

24.4 

2200 

27.8 

24.9 

33.2 

15.8 

17.6 

26.0 

2400 

29.4 

23.8 

30.7 

15.2 

16,3 

24.8 

2600 

28.9 

26.2 

29.8 

16.3 

15.3 

22.9 

2800 

28.2 

23.9 

29.4 

15,3 

14.3 

22.6 

3000 

28.4 

24.9 

28.5 

14.3 

13.4 

23.8 
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Table  2.    Mean  SPL  required  for  75  per  cent  correct  detections. 

Masker  spacing  In  the  combined  condition  was  300  Hz. 
The  conditions  aret    masker-above  (A),  masker-below  (B), 
and  niaskers»comblned  (C), 


Test 
Frequency 
(Hz) 

Subiect 

I 

Subiect  2 

A 

B 

C 

A 

B 

C 

400 

15.0 

16.9 

17.0 

20.2 

22.1 

21.4 

500 

15.0 

13.2 

20.1 

19.4 

18.8 

20.8 

700 

12.0 

9.8 

15.6 

16.0 

14.3 

17.7 

900 

14.3 

8.8 

16.5 

14.7 

7.5 

16.8 

1000 

17.8 

11.3 

19.5 

13.8 

10.1 

19.5 

1100 

20.2 

11.2 

18.3 

16.0 

14.3 

21.1 

1200 

19.9 

9.0 

20.6 

17.0 

11.4 

19.6 

1300 

24.8 

13.9 

23.4 

15.0 

9.1 

19.2 

1400 

22.1 

14.5 

25.8 

11.3 

10.2 

16.9 

1500 

22.3 

14.8 

22.8 

10.5 

10.8 

16.5 

1600 

23.8 

15.0 

25.8 

11.3 

12.1 

18.1 

1700 

22.2 

17.0 

26.0 

12.3 

12.2 

18.7 

1800 

25.0 

18.2 

25.4 

15.7 

13.4 

19.3 

25.5 

19.4 

27  6 

17.2 

12.2 

19.7 

2000 

25.3 

17.9 

27.4 

15.9 

13.2 

19.1 

2200 

29.4 

17.7 

28.9 

16.8 

15.0 

22.5 

2400 

28.0 

19.7 

30.4 

16.0 

16.5 

21.3 

2600 

27.1 

20.9 

31.2 

16.0 

16.2 

21.9 

2800 

-9.4 

19.7 

30.8 

16.1 

15.0 

19.0 

3000 

30.7 

22.5 

26.4 

20.5 

17.2 

23.5 

24 


Table  3.    Mean  SPL  required  for  75  per  cent  correct  detections. 

Masker  spacing  in  the  combined  condition  was  500  Hz. 
The  conditions  arer    masker-above  (A),  masker- below  (B), 
and  snaskers- combined  (C). 


Test 
Frequency 
(Hz) 

Sublect  1 

Subiect  2 

A 

B 

C 

A 

B 

C 

400 

16.1 

14.2 

13.5 

17.8 

20.9 

23.8 

500 

13.2 

11.0 

12.9 

16.5 

19.4 

16.9 

700 

8.3 

6.9 

9.5 

13.8 

12.7 

17.1 

900 

11.6 

2.7 

13.3 

10.7 

7.5 

13.4 

1000 

16.2 

7.2 

13.5 

12.7 

7.6 

14.1 

1100 

16.1 

8.5 

13.7 

12.6 

8.7 

16.8 

1200 

15.1 

7.7 

14.7 

12.3 

8.1 

13.1 

1300 

12.1 

4,4 

17.2 

9.4 

8.0 

12.0 

1400 

17.0 

8.1 

18.6 

6.6 

7.3 

10,1 

1500 

18.9 

6.1 

20.4 

6.1 

7.8 

9.7 

1600 

15.0 

6.5 

15.6 

10.2 

9.3 

12.4 

1700 

15.0 

7.3 

17.1 

11.4 

9.2 

14.0 

1800 

20.9 

9.5 

17.0 

12.1 

11.7 

14.9 

1 VUU 

19.1 

11.6 

19-8 

15.1 

12.3 

14.6 

2000 

19.2 

9.0 

22.0 

12.1 

9.8 

14.8 

2200 

24.5 

11.7 

24.4 

15.4 

12.9 

16.3 

2400 

25.4 

14.4 

24.7 

17.3 

15.3 

18.1 

2600 

24.5 

9.9 

27.4 

15.5 

15.6 

18.2 

2800 

27.7 

15.8 

29.4 

18.1 

15.6 

18.6 

3000 

28.2 

14.0 

24.9 

18.4 

16.4 

22.7 
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Table  4.    Mean  SPL  required  for  75  per  cent  correct  detections  in 
quiet. 


Frequency  Subject  1  Subject  2 


400 

14.7 

21.2 

500 

11.3 

21.1 

700 

7.3 

15.3 

900 

3.8 

6.9 

1000 

7.5 

6.5 

1100 

5.1 

9.0 

1200 

4.9 

7.5 

1300 

7.5 

6.7 

1400 

8.6 

8.2 

1500 

6.2 

5.8 

1600 

6.4 

8.2 

1700 

4.2 

10.0 

1800 

9.7 

12.9 

1900 

10.8 

11.7 

2000 

7.9 

9.1 

2200 

7.5 

11.2 

2400 

13.1 

17.7 

2600 

6.6 

16.0 

2800 

8.8 

14.7 

3000 

7.9 

17.8 
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